With density functional theory calculations, the performance of hydrogen trimers on graphene including the structural stability and the dynamical evolution paths is systematically investigated. The stability of the trimer is closely related with its adsorption configuration. The configurations containing ortho-dimers and para-dimers are more stable than the others. Meanwhile, other nearby hydrogen clusters have different impacts on the stability of trimers, which is determined by the competition between lattice deformation and inter-cluster electronic pairing. Atomic diffusion and desorption are proved to be very important for the dynamical evolution paths of trimers, in which all trimers are first easily changed into stable dimers and then follow the desorption of dimers. Our results have well explained the phenomena given by the scanning tunneling microscopy experiments and are helpful for the understanding of the interaction between hydrogen and graphene, and for the application of hydrogenated graphene. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Graphene, a two-dimensional carbon material with remarkable properties, has initiated a huge increase of interests in recent years. [1] [2] [3] [4] Due to the great potential of application in many fields, such as hydrogen storage, nuclear fusion, and electronic devices, [5] [6] [7] the complex interaction between hydrogen and graphene has become the focus of numerous researches. [8] [9] [10] [11] [12] [13] The identification of the bonding configuration as well as the desorption path of hydrogen on graphene will provide basic information for us to understand such interaction. In experiment, scanning tunneling microscopy (STM) is normally used to determine hydrogen configurations on graphene or graphite surface. [14] [15] [16] [17] Hornekaer et al. have obtained several high-quality STM images of hydrogen clusters on graphite surface and have figured out two important dimers (ortho-, para-) as well as their main recombination pathways under low hydrogen coverage. [14] [15] [16] On the other hand, many theoretical researches have simulated and interpreted the stability and the desorption paths of hydrogen clusters on graphene. 9, 14, [18] [19] [20] [21] [22] [23] [24] [25] [26] The results have shown that the adsorption of hydrogen monomer on graphene is unstable (with adsorption energy about 0.8 eV), because its adsorption induces not only the magnetic moments but also certain surface distortion to the system. 9, 19, 22, 25 As to hydrogen dimers, it has been indicated that depending on the relative positions of the hydrogen adatoms, the whole system can be either magnetic or nonmagnetic, in which the nonmagnetic ones are energetically favorable. 8, 15, 20 Even though the dimer adatoms are separated by a distance as large as 7Å, if the entire system is nonmagnetic, the surface-mediated interaction between them can enhance the stability of the adsorption hydrogens. 27 However, the understandings on the monomer and dimer are not sufficient for the complex interaction between hydrogen and graphene. The STM experiments have shown that complex hydrogen configurations can easily form on graphene when it is exposed to high hydrogen flux 14, 16 and the hydrogenated graphene with complex hydrogen configurations is highly relevant to the forthcoming possible technological applications. The hydrogen trimers are one kind of complex hydrogen clusters on graphene, the configurations of which are highly relevant to the relative adsorption sites of the hydrogen atoms on graphene or graphite surface. To our knowledge, the study of hydrogen trimers on graphene is far from satisfaction. For example, there is still a long-standing dispute on whether a special trimer configuration is related with the star-like STM images observed in the experiments. 16, 28, 29 The investigation on the stability of hydrogen trimers can help us understand the adsorption states of hydrogen on graphene as well as the results provided by the experiments. In addition, the experiments have detected various shapes of STM images of hydrogen cluster on graphene, and it has been observed that the relative percentage of ellipsoidallike images corresponding to ortho-dimer and para-dimer increases when heating samples. 14, 16 Obviously, it should occur that other complex hydrogen configurations can transfer into ortho-dimer and para-dimer efficiently by atomic desorption and diffusion. The trimer configurations are the complex hydrogen clusters closest to the dimers, because they have only one more atom and can easily change into dimers with one atom desorbed. Therefore, a detailed analysis of the desorption paths of trimers on graphene can help to explain such experimental observations and further to understand evolution paths of complex hydrogen clusters on graphene.
In this work, the stability of various hydrogen trimers adsorbed on graphene is systematically investigated. 113, 173707 (2013) interaction between hydrogen clusters is analyzed in detail as well. The results show that the stability of these adsorbed hydrogen trimers is mainly determined by their configurations, and is influenced by the inter-cluster interaction which consists of the surface-mediated electronic and elastic interactions. In addition, the dynamical evolution paths of all adsorbed trimers are determined through a full comparison of activation energy in each diffusion and desorption path. In comparison with ortho-and para-dimers, 15 the adsorbed trimers are proved to be dynamically unstable, which can easily change into ortho-dimer or para-dimer through single atom diffusion and desorption.
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II. COMPUTATIONAL METHOD
The density functional theory (DFT) calculations were preformed using the Quantum ESPRESSO code package, 30 where ultrasoft pseudopotentials 31 were used to describe the electron-ion interaction and the Perdew-Burke-Ernzerhof (PBE) 32 function within the generalized gradient approximation (GGA) was used to approximate the electronelectron exchange-correlation interactions. The electron wave function was expanded in plan waves and the energy cutoffs for wave function, and the charge density were 30 Ry and 300 Ry, respectively. The mono-layer graphene was used as the structural model, and it is also appropriate for the graphite surface, because the weak Van der Waals interaction from the underneath layer does not have significant impact on the stability of hydrogen clusters on graphite surface. 14, 15, 19, 27 The graphene layer is represented by a 12:31 Â 12:79 Å periodic rectangular supercell ( Fig. 1(a) ), and the graphene layers are separated by a vacuum of 12 Å to exclude the interaction between neighbor layers. A uniform 4 Â 4 Â 1 k-point grid was chosen for the integration in the first Brillouin zone. Ten kinds of compact hydrogen trimers ( Fig. 1 ) are considered in this work. The nomenclature for all the trimers is the same as Roman et al. 33 In particular, tm3 is the hydrogen configuration assumed to give the star-like STM images. 29 For the rest, each one is composed of ortho-dimer, meta-dimer, or para-dimer, which are regarded as three important dimers on graphene. 14, 15, 20 More extended trimers are not considered here because they are expected to be less stable than these compact ones. 27 To further explore the effects of other possibly existing neighboring hydrogen clusters on the stability of the trimers, the ortho-dimer 14 decorated ( Fig. 1(b) ) and to1-trimer 33 decorated ( Fig. 1(c) ) supercells with trimers chemisorbed at the center are adopted. The ortho-dimer (nonmagnetic hydrogen cluster) and to1-trimer (magnetic hydrogen cluster) are chosen for decoration since both of them are the most closely compacted and stable configurations on graphene. 20, 26, 27 All the structures were fully optimized with the force threshold of 1 Â 10 À3 Ry/bohr. In the stability analysis, the adsorption energy of all these trimers is calculated by
where E gr , E H , and E grþ3H are the energy of isolated graphene layer, isolated hydrogen atom, and the graphene with a trimer adsorbed on it, respectively. The deformation energy of substrate graphene due to the trimer adsorption is also calculated, which is obtained by removing the hydrogen atoms ( Fig. 2(a) ) from the graphene and comparing total energies of the disturbed graphene with the free standing graphene ( Fig. 2(b) ). To simulate the dynamical evolution paths of the trimers, the energy barriers in the diffusion and desorption paths are calculated using the climbing-image nudeged elastic band approach. 34 
III. RESULTS AND DISCUSSIONS
The STM experiments have shown that the adsorbed complex hydrogen clusters on graphene will emerge at relatively high hydrogen coverage. 14, 16 The hydrogen clusters with different shapes are close to each other, which implies that they may have an impact on the stability of each other. To analyze the stability of adsorbed hydrogen trimers on graphene and to figure out the impact of the nearby hydrogen clusters on their stability, three structure models (S 1 , S 2 , and S 3 ) are designed (Fig. 1 ). The structure model S 1 is set to determine the stability of adsorbed hydrogen trimers on graphene, and the model S 2 (S 3 ) with ortho-dimer (to1-trimer) decorated at the corner of each supercell are designed to figure out the impact of nearby hydrogen clusters on the stability of trimers. In Fig. 3(a) , the density of states (DOS) shows that ortho-dimer is one kind of nonmagnetic hydrogen clusters and its adsorption does not induce magnetic moment to the system, while, to1-trimer is one kind of magnetic hydrogen clusters which induces magnetic moment (1 l B ) to the system.
The adsorption energies for the hydrogen trimers on graphene in S 1 , S 2 , and S 3 are listed in Table I . In S 1 , there is no decorative hydrogen cluster and the trimers can be viewed as isolated clusters, which can be divided into three categories: (a) In trimers to1, to4, and tp1, any two nearest neighbor hydrogen atoms forming an ortho-dimer or para-dimer. Such trimers are the most stable configurations in S 1 with E A ! 3.9 eV. (b) Trimers to2, to3, tp2, and tp3 all contain only one meta-dimer. These trimers are moderately stable trimers with E A ! 3:3 eV. (c) The trimers (tm1, tm2, and tm3) without any ortho-dimer or para-dimer are the least stable trimers with E A % 2.4 eV. The dependence of trimer stability on the adsorption sites of the hydrogen atoms will be explained in the following. The stability of each hydrogen trimer is closely related to the relative adsorption sites of the contained three hydrogen atoms. When one hydrogen atom chemisorbs on graphene, it breaks the resonant p bond and induces quasilocal magnetic states that mainly distribute on the graphene. 8, 9 As shown in Fig. 4 , with one hydrogen adsorbed on A 0 site, the induced quasi-local spin states mainly locate on the B carbon sites and especially on the nearest B 0 and B 1 sites, which are the ortho and para sites of A 0 , respectively. Such asymmetric distribution of spin states on these two sublattices (A and B) brings capabilities to bind more hydrogen nearby therefore forming hydrogen clusters on graphene surface even at low hydrogen coverage. 9, 14 Here, it is reasonable to suppose that these adsorbed trimers on graphene are formed by two steps: for example, for to4 (Fig 1) , first one hydrogen atom adsorbs on the A 0 site and then the other two hydrogen atoms go to the B 0 and B 1 sites ( Fig. 1(a) ) to meet the bonding requirement of induced asymmetric spin distribution, respectively. Hence, the stability of the adsorbed trimers on graphene could be easily explained. The trimers to1, to4, and tp1, containing ortho-dimers or para-dimers, follow the way that one hydrogen pre-adsorbs on A 0 site and then the other two hydrogen atoms adsorb on the sites where there is large induced spin-density (Fig. 4) , leading to their high stability. While the trimers to2, to3, tp2, and tp3, containing one meta-dimer, 15 follow the way that one hydrogen atom adsorbs the carbon site having large spin-density and the other hydrogen adsorbs on the carbon site with small spin- density (one hydrogen pre-adsorbing on A 0 ), resulting in their moderate stability. The unstable trimers tm1, tm2, and tm3 come from the way that both of the other two hydrogen atoms adsorb on the carbon sites having small spin-density. For example, the first hydrogen atom of trimer tm1 chemisorbs on the A 0 (Fig. 4) site and both of the other two hydrogen atoms adsorb on A 1 sites that have small spin-density.
To show the impact of nearby surrounding nonmagnetic (S 2 ) and magnetic (S 3 ) hydrogen clusters on the stability of adsorbed hydrogen trimers, the relative stability of all the adsorbed trimers in these three kinds of structural models S 1 , S 2 , and S 3 (see Fig. 1 ) are compared. According to the adsorption energy (E A ) shown in Table I , the relative stability order of trimers in S 2 is the same as that in S 1 . The most stable configuration is to4, followed by to1 and tp1, whereas tm1 exhibits highest instability. However, in S 3 , the relative stability order of these trimers has changed (compared with the that in S 1 ), with the most stable configuration being tp1 and followed by to4 and to2, and the most unstable configuration of tm3. These different impacts of nonmagnetic and magnetic decorative hydrogen clusters on graphene on the trimer stability are determined by the competition between the lattice deformation and electronic pairing, which will be discussed below.
The magnetic moment in Table II shows that for systems containing the same trimer in S 1 and S 2 , their magnetic moment are the same, which implies that the nearby nonmagnetic hydrogen cluster does not change the magnetic states induced by the hydrogen trimers. The DOS of systems to4, tp1, and tm1 in Figs. 3(b) and 5(a) also demonstrates that the magnetic states near the Fermi level do not change in S 2 with respect to that in S 1 . For example, for systems to4 and tp1 in S 1 and S 2 , the adsorption of the hydrogen trimer induces 1 l B magnetic moment to the systems, and there are narrow peaks of DOS near the Fermi level. The magnetic moment of tm1 is 3 l B and there are broad peaks near the Fermi level. Obviously, the nearby nonmagnetic hydrogen clusters have little impact on the magnetic states of the systems. However, we note that the relative stability of each trimer in S 2 is reduced by the addition of the non-magnetic hydrogen cluster, which can be seen from the decreased adsorption energy with respect to S 1 . This is caused by the increased deformation energy of the substrate graphene due to the existence of the non-magnetic hydrogen cluster. As shown in Table I , the deformation energy induced by the same trimer in S 2 is relatively larger than that in S 1 .
In S 3 ( Fig. 1(c) ), the decorative hydrogen cluster (trimer of to1 type) is one kind of magnetic hydrogen clusters on graphene ( Fig. 3(a) ). The results in Tables I and II show that both the relative stability of all adsorbed hydrogen trimers and the magnetic moment of systems have changed in S 3 with respect to those in S 1 . For example, for system to4 in S 3 , as shown in Fig. 5(b) , the DOS near the Fermi level becomes more broad than that in S 1 (Fig. 3(a) ) and the magnetic moment of the system increases to 2 l B (Table II) , while for systems tp1 and tm1, the DOS near the Fermi level reduces and the magnetic moment decreases to 0 l B and 2 l B , respectively. We find that the stability of the adsorbed trimers is sensitively affected by the change of the total magnetic moment of the system. The trimers get more stable when the total magnetic moment of the system decreases and becomes more unstable when it increases. We can see this by comparing the magnetic moment (see Table I ) and the adsorption energy (see Table II ). For example, the magnetic moment of system to4 increases to 2 l B in S 3 (with respect to that in S 1 ), and as a result, the relative stability of trimer to4 is reduced. Nevertheless, for systems tp1 and tm1, their to1  to2  to3  to4  tp1  tp2  tp3  tm1  tm2  tm3   S 1  1  1  1  1  1  1  1  3  3  3  S 2  1  1  1  1  1  1  1  3  3  3  S 3  2  0  0  2  0  2  2  2  4  4 magnetic moment has been reduced and the relative stability of the corresponding trimer has been enhanced (Table I) . This result has presented the similar trend to that for dimeradsorption, where the stability also favors nonmagnetic. 8, 15, 20 The decrease (increase) of the magnetic moment indicates the increase (decrease) of the electronic pairing, which always impacts on the stability. In the S 3 situation, as discussed above, it is the positive effect of the inter-cluster electronic pairing that dominates the relative stability order of different trimer configurations.
In fact, in hydrogenated graphene, the total magnetic moment is defined by the Lieb's theory, 35 which is the difference between the binding hydrogen atoms on A and B sites, namely, M t ¼ jN A À N B j l B , where N A and N B are the number of the carbon sites with hydrogen adsorption on the two sublattices A and B. Our results have given good examples for this rule, which is demonstrated by the hydrogen adsorption sites in Figs. 3-5 . For example, to4 in the Fig. 3(b) exhibits 1 l B with N A ¼ 1, N B ¼ 2. In addition, since the stability of the trimer is related with the total magnetic moment of system, which is the imbalance of hydrogen atoms on A and B carbon sites. So, we may tune the trimer stability by controlling the adsorption sites of hydrogen atoms in the future experiments.
Former researches on the interaction between hydrogen and graphene or graphite surface have shown that it is the dynamical evolution that actually determines the chemisorption states of hydrogen clusters on graphene. 15, 16, 29, 36 A further detailed analysis of dynamical evolution of adsorbed hydrogen trimers on graphene will help us to understand the hydrogen adsorption state, and to explore the formation and evolution of complex hydrogen clusters on graphene. As mentioned above, the trimers concerned in our work can be divided into seven stable configurations and three unstable ones. We have put the most possible diffusion and desorption paths in Figs. 6 and 7. The seven stable trimer configurations (to1, to2, to3, to4, tp1, tp2, tp3) can change into each other through one atom diffusion, the activation energies of which range from 0.44 eV to 1.31 eV (Fig. 6(a) ). The desorption paths of hydrogen trimer shown in Fig. 6 (b) could be classified into two categories: the desorption paths involving one hydrogen atom (atomic desorption) from the trimers, and those involving two hydrogen atoms from the trimers containing para-dimers (molecular desorption). From the activation energy shown in Fig. 6 , the desorption of the most stable trimers (to1, tp1, and to4) probably is assisted by the transition into less stable ones (to2, to3, tp2, and tp3), which is followed by the desorption of the later. For example, for trimer to1, it can diffuse into to2 (to3) with activation energy of 1.12 eV (1.20 eV) (Fig. 6(a) ), while, its atomic desorption needs the activation energy as large as 1.51 eV (Fig. 6(b) ), which indicates that to1 can easily change into to2 and then follow the desorption paths of to2.
The final desorption of hydrogen trimers reaches the stage of dimer desorption, which normally have two paths denoted as I and II in Fig. 7(a) , where the activation energy in each path obtained in our work is consistent with the literatures. 15, 37 For the moderately stable trimers to2, to3, tp2, and tp3, they contain one meta-dimer, 15 and their desorption paths are quite similar. As shown in Fig. 7(b) , the hydrogen atom on the meta position will desorb first leaving a stable hydrogen dimer (ortho-dimer or para-dimer) on graphene, and then these dimers desorb following path I or path II. The desorption paths of to3 or tp3 are the same as those of to2 or tp2. The desorption paths of the most stable trimers (to1, to4, and tp1) are demonstrated in Fig. 8 . As a short, these most stable trimers first change into one of the intermediate configurations (to2, to3, tp2, or tp3) and then follow the desorption paths of these intermediate configurations.
To those three unstable trimer configurations (tm1, tm2, and tm3), the diffusion and desorption paths involving one hydrogen atom are given in Fig. 9(a) . The activation energy clearly shows that the unstable trimer configuration can easily change into one kind of stable trimer configuration. Taking trimer tm1 as an example, it can easily change into to2 with a low energy barrier of 0.44 eV, while the atomic desorption energy barrier is relatively high, 0.8 eV. The desorption paths of tm1, tm2, and tm3 are given in Fig. 9(b) , respectively, which clearly show that each of them changes into one kind of stable trimer through atomic diffusion and then follow the desorption paths of corresponding stable trimers.
The desorption paths given in Figs. 7-9 have proven that atomic diffusion and desorption are very important in the evolution paths of all trimer configurations. Since the activation energy of atomic diffusion and desorption of trimers (see Figs. 7-9 ) is small compared with that of the orthodimer and para-dimer (see Fig. 8(a) ), it is relatively easier for the trimer to transform into a stable dimer, but more difficult for the dimer to further desorb from the graphene. Thus, there will be more chances to observe dimers than trimers in experiment. This is consistent with the observations in the STM experiments, which show that the ellisoidal-like STM images of ortho-dimer and para-dimer on graphene dominate at low hydrogen coverage and the relative percentage of them increases when the sample is heated in certain temperature range. [15] [16] [17] Finally, according to our simulations, trimertm3 is quite unstable on graphene and thus it cannot be the configuration that is responsible for the star-like STM images reported in the experiments. 
IV. SUMMARY
In this work, we have systematically studied the stability of hydrogen trimers on graphene. The stability of hydrogen trimer is closely related with its configuration. The configurations containing ortho-dimers and para-dimers are more stable than other ones. The existence of the nearby nonmagnetic hydrogen clusters reduces the stability of all kinds of hydrogen trimers. However, the magnetic hydrogen cluster can enhance or reduce the stability of trimers depending on whether it leads to the decrease or increase of the final magnetic moment of the corresponding system. The decrease (increase) of the magnetic moment indicates the increase (decrease) of the inter-cluster electronic pairing, which has a positive effect on the trimer stability. However, the lattice deformation has a negative effect on the trimer stability. The electronic pairing always dominates over the lattice deformation in the effect of the inter-cluster interaction on the trimer stability. This mechanism provides us a microscopic way to control the stability of magnetic hydrogen clusters on graphene. Our present results on the dynamical evolution paths of the trimers demonstrate that atomic diffusion and desorption are very important in the desorption paths of hydrogen trimers, and all trimer configurations can easily transform into ortho-dimer or para-dimer by atomic diffusion and desorption. This explains the reason that the ortho-dimers and para-dimers are the dominant configurations observed on graphene at low hydrogen coverage in the scanning tunneling microscopy experiments.
